Abstract P-wave dispersion is defined as the difference between the maximum and the minimum P-wave duration recorded from multiple different-surface ECG leads. It has been known that increased P-wave duration and P-wave dispersion reflect prolongation of intraatrial and interatrial conduction time and the inhomogeneous propagation of sinus impulses, which are well-known electrophysiologic characteristics in patients with atrial arrhythmias and especially paroxysmal atrial fibrillation. Extensive clinical evaluation of P-wave dispersion has been performed in the assessment of the risk for atrial fibrillation in patients without apparent heart disease, in hypertensives, in patients with coronary artery disease, in patients undergoing coronary artery bypass surgery, in patients with congenital heart diseases, as well as in other groups of patients suffering from various cardiac or non-cardiac diseases. In this paper, we aimed to summarize the measurement methods, current use in different clinical situations, strengths and limitations of the of P-wave dispersion.
Introduction
Atrial fibrillation (AF) is one of the most common arrhythmias and originated from focal activation and multiple randomly reentrant wavelets that propagate, become extinct or fractionate within the atrial tissue. 1, 2 P-wave duration, measured from a single-surface electrocardiographic (ECG) lead, has shown significant correlations with the longest duration of the right atrial electrograms, the maximal number of their fragmented deflections and the repetitive atrial firing zone. Although markedly prolonged intra-and interatrial conduction time can be recognized by prolongation of the surface P-wave duration, the question arises as to whether inhomogeneous atrial conduction could be identified by variation in P-wave duration between differently oriented surface ECG leads.
1-3 P-wave dispersion (Pd) constitutes a relatively recent contribution to the field of non-invasive electrocardiology and is defined as the difference between the longest and the shortest P-wave duration recorded from multiple different-surface ECG leads. 2, 4 The Pd has received increasing attention and has been examined in a broad range of clinical settings including cardiovascular and non-cardiovascular diseases. 5 In this paper, we aimed to summarize the current use, measurement methods, strengths and limitations of the Pd.
Measurement of Pd
Maximum and minimum P-wave durations are calculated from the standard ECG during sinus rhythm. Pd is derived by subtracting the minimum P-wave duration from the maximum in any of the 12 ECG leads ( Figure 1 ). P-wave onset is determined as the initial deflection from the isoelectric baseline defined by the T-P segment and the P-wave offset is defined as the junction of the end of the P wave and its return to baseline. 5 Pd can be calculated by measurements on paper or computerize methods. Manual measurement with hand-held calipers performed by increasing the ECG rate to 50 mm/s and the voltage to 1 mV/cm, accompanied by use of magnification. However, hand-held caliper measurements have less accuracy compared with digital measurements. Comparing manual and digital measurements, for maximum Pwave duration measurements, the intraobserver variability were reduced from 15% to 5% and the interobserver relative errors were diminished from 16% to 8%. Similarly, the intraobserver variability for Pd was reduced from 20% to 8% for intraobserver and from 26% to 10% for interobserver comparing manual and digital measurement acquisition. 4, 6, 7 Clinical use of Pd Extensive clinical evaluation of Pd has been performed in the assessment of the risk for AF in patients without apparent heart disease, coronary artery disease (CAD), hypertension, valvular heart diseases, heart failure (HF), congenital heart diseases, rheumatologic diseases and miscellaneous conditions (Table 1) . Clinical applications of Pd are summarized below.
Atrial Fibrillation
Insults leading to atrial remodeling such as chronically elevated atrial pressure, ischemia and metabolic stress result in slowed conduction with inhomogeneous recovery, defining a substrate for AF. 7 Regional delays in atrial depolarization might produce a heterogeneous P-wave duration, because surface P waves in different locations could be affected to a different extent by regional changes in atrial activation times. This local hypothesis explaining the interlead variation in P-waves duration is called Pd. 2, 3, 74 Pd reflects prolonged inhomogeneous and anisotropic distribution of connections between myocardial fibers results in the discontinuous anisotropic propagation of sinus impulses and the inhomogeneous and discontinuous atrial conduction. 4 Dilaveris et al. 3 found that Pd was significantly higher in 60 patients with paroxysmal lone AF (49 AE 15 ms) than in 40 healthy controls (28 AE 7 ms, p < 0.0001). Pd was proven to be a sensitive and specific ECG marker for the best separation between patients with history of paroxysmal lone AF and healthy subjects. 3 A cutoff value of 40 ms proved to have a sensitivity of 83%, a specificity of 85% and a positive predictive accuracy of 89% for the identification of patients with history of paroxysmal lone AF. 3 Moreover, during a 12-month follow-up period, the relative risk of an AF recurrence was 2.4 for a Pd value > 40 ms. 3 In another publication, Aytemir et al. 4 showed that Pd was a sensitive and specific ECG Figure 1 . Examples for measurement of Pd, minimum and maximum P-wave duration in normal individual and hypertensive patient.
predictor of paroxysmal lone AF. In the same study, Pd showed a significant correlation with maximum P-wave duration (r ¼ 0.702, p < 0.001) and a weak, although significant, association with age (r ¼ 0.270, p < 0.001). 4 In another study, Pd was shown to be a significant predictor of frequent symptomatic AF paroxysms but only in the univariate analysis. 8 In the same study, Pd was found to be significantly correlated positively with maximum P-wave duration (p < 0.001) and negatively with minimum P-wave duration (p ¼ 0.06). It is obvious that, when beyond Pd both maximum and minimum P-wave duration are incorporated as covariates in multivariate regression models, Pd may not remain an independent predictor of AF in the multivariate analysis. 8 Post-electrical cardioversion Pd may help predict recurrences of AF. 1, 9 In the first minutes after electrical cardioversion of long-lasting AF, short refractory periods present a high risk of re-initiation of AF. 1, 9 Boriani et al. 9 investigated the association of different Pd values and recurrence of AF in the short and longer term in 37 patients and reported significantly higher Pd values in patients with short-term AF recurrence ( 1 month). Furthermore they found that Pd values > 25 ms were associated with a higher short-term relapse rate. But no significant relation was present in the long-term in their study. 9 Perzanowski et al. 10 reported that a Pd value of 80 ms or greater was both a univariate and independent predictor for AF recurrence after cardioversion.
Ozdemir et al. 11 identified 18 patients in whom an AF attack was induced by urgent or elective cardioversion for a ventricular tachycardia attack and found higher maximum P-wave duration and Pd values compared with a control group of 40 patients without AF. They concluded that the patients with higher Pd values had a greater risk for development of AF after a DC shock. 11 Applying these results to the patients with ICD, it may be suggested that the patients with higher Pd and maximum P-wave duration have a greater risk for development of AF after a shock, which may upset the hemodynamic status or result in further inappropriate shocks. 11 Although catheter ablation of the accessory pathways significantly decreases the incidence of AF, studies have shown that, in patients with Wolff-ParkinsonWhite (WPW) syndrome with a history of paroxysmal AF, the high recurrence rate of AF after accessory pathway ablation still persists in up to 26% of patients despite no evidence of accessory pathway conduction. 12, 75 In a study of Aytemir et al., 6 72 patients with WPW syndrome who had at least one documented AF episode and underwent catheter ablation were enrolled and Pd ! 32.5 ms on day 2 after ablation of the accessory pathway was found as an independent predictor of recurrence of paroxysmal AF after catheter ablation in patients with WPW syndrome. 6 Amasyali et al. 13 investigated the influence of successful slow pathway ablation on P-wave parameters Congenital heart diseases -Alcohol intake 73 -Atrial septal defect [45] [46] [47] [48] -Atrial septal aneurysm 49, 50 -Fontan operation 51 and predictors for the recurrence of paroxysmal AF after catheter ablation for atrioventricular nodal reentrant tachycardia (AVNRT). They found no significant difference in Pd before and after ablation. They also found that maximum P-wave duration and Pd were significantly higher in AVNRT þ AF group than only AVNRT group. 13 Coronary artery disease CAD is a significant risk factor for AF because of the anatomic and hemodynamic changes in the left atrium. Among these are left atrial dilatation, increased left atrial pressure and left atrial fibrosis caused by ischemia. 14, 15 There are several potential relationships between CAD and AF. Increased heterogeneity of refractoriness in CAD is a known substrate for AF. Atrial ischemia causes slow conduction in the ischemic zone and conduction properties become more heterogeneous. The difference in the conduction properties between the ischemic atrial myocardium and the adjacent non-affected tissue may lead to discontinuous propagation of sinus impulses.
14, 15 Dilaveris et al. 16 reported the increase in P-wave duration and Pd in patients with anginal episodes. In a study that analyzed 66 subjects with normal coronary angiogram and 68 patients with significant (>50%) coronary stenosis; Pd was found to be greater in patients with stable CAD than in controls and to be associated with severity of the disease. 15 Anatomic and hemodynamic changes in the left atrium as left atrial dilatation, increased left atrial pressure and left atrial fibrosis caused by both ischemia and left ventricular dysfunction may be the underlying causes of increased Pd in patients with CAD. In patients with severe chronic CAD, left atrial overload because of altered left ventricular relaxation caused by ischemic areas and regional fibrosis may be associated with increased Pd. 17 Impaired cardiac autonomic function and increased sympathetic activity in patients with CAD may also play a role in the development of AF. 18 Diurnal variation of Pd in chronic ischemic heart disease was studied in another study and Yildirim et al. 19 demonstrated that patients with CAD had higher morning P-wave duration and Pd values that may be important regarding prediction of timing and treatment of atrial conduction disorders in myocardial ischemia. Increased P-wave duration and Pd values at early morning may be associated with the activation of autonomic nervous system. 18, 19 AF is one of the most common supraventricular arrhythmias in the setting of acute myocardial infarction (AMI). AF develops for many different reasons, such as left ventricular dysfunction with hemodynamic impairment, atrial ischemia or infarction, right ventricular infarction, excessive release of catecholamines in the course of AMI. 20, 21 It has been shown that early coronary reperfusion is associated with decreased incidence of AF after AMI. 20 Akdemir et al. 21 reported that primary percutaneous coronary transluminal angioplasty (PTCA) reduces the incidence of AF, maximum P-wave duration and Pd. They also revealed that primary PTCA has a more favorable effect on reducing P-wave duration and Pd at the end of the first 24 hours in patients with acute anterior MI compared to fibrinolytic therapy. Baykan et al. 22 evaluated 147 patients with acute anterior wall myocardial infarction and reported that Pd and maximum P-wave duration are significantly higher in patients with AF by univariate analysis.
In a study reported by Turkmen et al., 23 slow coronary flow was found to be associated with prolonged P-wave duration and increased Pd. These findings may result from microvascular ischemia and/or altered autonomic features in this group of patients. 23 Gunes et al. 24 found increased P-wave duration in coronary slow flow patients and after nebivolol therapy, they reported significant reduction in P-wave duration and Pd. 24 In one study, it was demonstrated that Pd was significantly increased in 47 patients developing AF after coronary artery bypass surgery (49 AE 12 ms) as compared to 60 patients with no postoperative AF (41 AE 12 ms). 25 Pd was found to be a significant predictor of postoperative AF but only in the univariate analysis. Other studies have also postulated the predictive ability of Pd in patients undergoing coronary artery bypass surgery.
26,27
Hypertension High blood pressure and subsequent left ventricular hypertrophy and diastolic dysfunction may cause hemodynamic and morphological changes in the left atrium. 28, 29 It is known that left ventricular hypertrophy and diastolic dysfunction secondary to hypertension can cause an increase in atrial strain, fibrosis and dilation. [28] [29] [30] Increase in intracavitary pressure and strain triggers disorganization of myocardial fibers and fibrosis. The increase in atrial strain, dilation and fibrosis result in instability and heterogeneity in atrial conduction and these changes can be seen as an increase in maximum P-wave duration and Pd on the electrocardiogram. [28] [29] [30] Verdecchia et al. 31 reported that the risk of AF increased with age and left ventricular mass in hypertensive subjects with sinus rhythm and without other risk factors.
Elevation of catecholamines and angiotensin II in essential hypertension can activate the sympathetic nervous system and affect the autonomic regulation of the heart. [28] [29] [30] Angiotensin II and catecholamines are important factors for atrial fibrosis. 1 Sympathetic nervous system activation and myocardial fibrosis increase atrial conduction time and Pd. [30] [31] [32] Dagli et al. 30 reported that P-wave duration, Pd and left atrial size increased in hypertensive patients than in healthy control subjects. Korkmaz et al. 33 showed that nebivolol treatment in hypertensive patients decreased maximum P-wave duration and Pd. Ozben et al. 76 found decrease in Pd with blockade of renin-angiotensin-aldosterone system (RAAS) with perindopril in hypertensive population. Korkmaz et al. 33 also showed decrease in Pd with blockade of RAAS with quinapril in hypertensives.
Valvular heart disease
Rheumatic mitral stenosis (MS) is frequently seen in developing countries and AF is the most common sustained arrhythmia in patients with rheumatic MS. 77 Left atrial dilatation, fibrosis within the wall of the atrium and disorganization of the atrial muscle bundles caused by mitral valve disease and atrial inflammation secondary to rheumatic carditis lead to electrical inhomogeneity and conduction abnormalities within the atrial myocardium. 34, 35 Guntekin et al. 35 found that P-wave duration and Pd were significantly associated with mitral valve area and mean mitral gradient. Although correlation between Pd and left atrial size was not significant at baseline it became significant after increase in left atrial size during their followup. 35 Turhan et al. 34 found progressive shortening of Pd after percutaneous mitral balloon valvuloplasty (PMBV). They explained this finding by the decrease in sympathetic activity and the regression of the pathologic changes in the atrial wall which result in more homogeneous and organized conduction of sinus impulses. 34 Erbay et al. 36 found a significant correlation between maximum P-wave duration and Pd with mean diastolic gradient of the mitral valve. They also showed that long-term beta-blocker therapy caused a significant decrease in maximum P-wave duration and Pd in patients with rheumatic MS. 36 In another study, Ozer et al. 37 showed that interatrial electromechanical delay gets longer in MS patients and is correlated with Pd.
AF in a patient with severe aortic stenosis (AS) results in a loss of the atrial contribution to the left ventricular filling and causes a sudden fall in cardiac output and aggravation of symptoms. 41 Turhan et al. 38 found that patients with AS have longer maximum P-wave duration and higher Pd than healthy control subjects. They also reported that maximum P-wave duration and Pd were higher in patients with paroxysmal AF and AS than those without paroxysmal AF. 38 Ozmen et al. 39 found that Pd and maximum P-wave duration were increased in pulmonary stenosis.
They reported a correlation between the systolic pulmonary valvular pressure gradient and Pd.
Heart failure
Considering left ventricular systolic dysfunction and HF as a risk factor for AF, these patients may be attractive to research for investigating the Pd. In a study consisting of 72 patients with non-ischemic dilated cardiomyopathy (NIDCM) and 72 healthy control subjects, Senen et al. 40 found that Pd was significantly higher in patients with NIDCM than in healthy control subjects. They explained that the effects of left ventricular dysfunction on the left atrial pathology and neuroendocrine activity and their effects on intracardiac hemodynamics and atrial electrophysiology might be the underlying mechanisms for these changes in this group of patients. 40 Camsari et al. 41 reported a significant correlation between left ventricular ejection fraction and Pd. In this study, they also reported that metoprolol treatment was associated with a decreased duration of maximum P-wave duration and Pd in patients with HF. 41 Sympathetic activity has been well known to be elevated in patients with HF. Pwave duration and Pd have been reported to be influenced by the autonomic tone as discussed earlier above. Therefore, increased Pd in patients with HF may be also related to increase in sympathetic activity. 42 Gunes et al. 42 found no significant diurnal variation of Pd in patients having either ischemic or non-ischemic origin of HF treated with optimal drug therapy.
Cardiac resynchronization therapy (CRT) has been proven to be an effective therapy in patients with advanced heart failure and ventricular dyssynchrony. It improves left ventricular function and decreases neurohormonal activation. CRT was also reported to improve atrial function and to reverse atrial remodeling. 43, 44 In a study of Ding et al. 44 CRT decreased maximum P-wave duration and Pd along with an improvement of left ventricular ejection fraction and reduction in left atrial diameter.
Congenital heart diseases
The predictive ability of Pd in patients with congenital heart diseases, before and after surgery or percutaneous interventions was assessed in several studies. [45] [46] [47] [48] Wong et al. 51 demonstrated that patients with atrial tachyarrhythmias late after Fontan operation have longer Pwave duration and Pd and larger right atrial dimension than those without the arrhythmias; these abnormalities are interrelated. Deveci et al. 49 found that Pd was greater in patients with atrial septal aneurysms (ASA) with respect to control group. In another study, Okutucu et al. 50 recently assessed the Pd and atrial electromechanical delay in patients with ASA. There were statistically significant good correlations of atrial electromechanical delay with Pd. They concluded that Pd and atrial electromechanical delay may provide significant contributions to assess the risk for paroxysmal supraventricular arrhythmia in patients with ASA. 50 
Rheumatologic diseases
Inflammatory state in the course of rheumatologic disorders may effect atria and therefore change the P-wave parameters. It has been reported that systemic inflammation plays a significant role in AF pathogenesis. 1, 78 Increased inflammatory activity is associated with poor cardiac prognosis in this group of diseases and ongoing inflammation may affect the myocardium. Elevated inflammatory markers activate the complement system in atrial myocardium. This inflammation leads to tissue injury in the atrial myocardium and myocyte necrosis and fibrosis result in atrial remodelling. This process may alter the membrane potentials of atrial myocytes and might lead to electrical inhomogeneity, conduction abnormalities and inhomogeneous refractory periods throughout the atrial myocardium. These changes might be seen on surface ECG as prolonged Pwave duration and increased Pd. 52, 53 It was found that Pd gets longer in various rheumatologic disorders such as rheumatoid arthritis, 52 Behcet's disease, 54 systemic lupus erythematosus, 55 ankylosing spondylitis, 56 familial Mediterranean fever 57 and systemic sclerosis.
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Miscellaneous conditions
It has been shown that obese subjects may be associated with ECG abnormalities even in the absence of clinical symptoms. Wang et al. 61 showed that obesity may be an important modifiable risk factor for AF. Kosar et al. 62 reported significantly higher maximum P-wave duration and Pd values in obese patients. Seyfeli et al. 63 found a significant correlation between body mass index and Pd in women. Metabolic syndrome has been reported to be associated with an increased risk of AF. Yasar et al. 64 have shown that patients with metabolic syndrome have higher Pd, indicating increased risk for AF, compared to the control subjects without metabolic syndrome.
Can et al. 65 found Pd to be greater in patients with obstructive sleep apnea (OSA) and to be associated with severity of the disease. Factors related to OSA, such as repetitive hypoxemia, autonomic nervous system imbalance, systemic inflammation, fluctuations in intrathoracic hemodynamics and diastolic dysfunction may lead to prolongation of intra-atrial and interatrial conduction time and provoke inhomogeneous propagation of sinus impulses. 65 Significant increases in maximum P-wave duration and Pd have been reported at the end of hemodialysis, which might be responsible for the increased occurrence of AF in these groups of patients. 66, 67 An insight on the modulatory effects of the autonomic tone changes on Pd were previously given by Tukek and colleagues. 79 They showed that the Valsalva maneuver normalized the increased values of P-wave duration and Pd found in patients with history of paroxysmal AF and on the other hand increased P-wave duration and Pd in normal subjects. 79 These findings may imply that the Valsalva maneuver decreases the heterogeneity of atrial impulse propagation due to changes in the atrial size and electrophysiology. 79 The role of Pd for the prediction of AF episodes was also evaluated in patients with chronic obstructive pulmonary disease, 68 in patients with hypertrophic cardiomyopathy, 69 in patients with hyperthyroidism, 70 in patients under chemotherapy regimen, 71 acute caffeine ingestion 72 or alcohol intake. 73 As a conclusion, Pd has been applied in a wide range of clinical conditions. P-wave duration and Pd reflect prolongation of intraatrial and interatrial conduction time and the inhomogeneous propagation of sinus impulses which are well-known electrophysiologic characteristics in patients with atrial arrhythmias and especially paroxysmal AF. Pd has been used in the assessment of the risk for AF in patients without apparent heart disease, coronary artery disease, hypertension, valvular heart diseases, heart failure, congenital heart diseases, rheumatologic diseases and various clinical conditions. Pd has proven to be a sensitive and specific ECG predictor of AF in the various clinical settings. Prediction of the AF recurrence might guide the physician to determine the antiarrhythmic therapeutic strategies.
The current data on Pd has been limited by studies with modest sample size, limited follow-up and presence of many confounders. Significant challenges remain with regard to our implementation of Pd as a relevant component of screening. Currently there was no prospective, community-based study which developed reference values by identifying a reference population. Reference values from large, community-based studies will help us for standardization of Pd for sex and height.
Measurement techniques of Pd have not been standardized. Investigators continue to use magnification and hand-held calipers and quality-control assessments have been limited. The development of automatic methods able to accurately determine the P-wave duration from standard 12-lead ECGs may contribute to the widespread use of P-wave duration and Pd.
Large-size, population-based cohort studies are necessary to achieve adequate power and adjustment for covariates. Such an effort will determine the clinical utility of Pd to predict future AF, HF and overall mortality, and whether they provide additional data beyond already established clinical, echocardiographic and ECG covariates.
Pd has potential to direct the treatment of AF. Pd may predict success catheter ablation of AF, pharmacological intervention and risk-factor management. Inexpensive and non-invasive, Pd may provide a cost-effective screening mechanism. However, further research is necessary to establish whether Pd will give additional information to predict the development of AF, adverse cardiovascular outcomes and mortality.
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